This paper presents the analysis of a case of sharkskin effect, caused by a turbulent flow over rough engineered surfaces. From a large bibliographic analysis, the paper describes the preliminary CFD simulations of a series of profiles such as sawtooth profile (12x6 mm), scalloped (R=6mm) and triangular (6x2 mm). Although a best solution has not been identified, different geometries and dimensions have been analysed and the initial results have shown the potential of a triangular profile with a 90° angle on top implemented on Coanda affected surfaces. The reference test profile adopted is an elevated surface with an inclined step placed upwind. The corrugated surface has been applied to analyse the coupled effect of sharkskin on both the viscous and pressure terms of drag. The results allow the assessment of a mathematical model of the sharkskin behaviour, assuming a continuous profile of the riblets. Results have also been assessed against a flat planar surface with the same measurements. The outcome has demonstrated a potential reduction up to 30% in the wall shear stress. The analysis has led to the formulation of a new equation to calculate the drag and lift force as a function of Bejan number. This model opens the possibility of applying a second law of analysis method to aerodynamic and fluid dynamic effects. Although this model has not been sufficiently demonstrated, it can allow a theoretical calculation of entropy generation in the case of the specific fluid dynamic phenomenon.
INTRODUCTION
Number of flights has increased by 80% between 1990 and 2014. Forecasts about air traffic trends expect a future growth by a further 45% between 2014 and 2035 [1] [2] . Environmental impacts of aviation have increased over the past 25 years following the growth in air traffic (CO 2 emissions have increased by about 80%, NOX emissions have doubled between 1990 and 2014). They are expected to increase following the growth air traffic.
According to the energy consumption and emission figures, it is evident that a reduction of the aerodynamic vorticity would allow a major reduction of drag (up to 20%), which would bring large benefits to many engineering applications [3, 5] in aeronautics, ground and marine vehicles and pipelines.
Among several drag reduction methods that could be used are hydrophobic surfaces [6] [7] [8] , compliant coatings [9] [10] [11] , plasma actuators and dielectric barrier discharge [62] [63] [64] , micro-bubbles injection [15] [16] [17] and riblets [18] [19] [20] . Riblets, wall grooves and sawtooth surfaces are highly attractive [21] [22] [23] [24] [25] because of their simplicity, low cost of manufacturing and easiness of maintenance.
The reduction of aerodynamic drag and boundary layer turbulence is facilitated by the roughness of the external shape and can be expressed in the function of Reynolds number (Kline et al. [26] ; Robinson [27] ; Yoon at al. [28] [29] ). Bechert [30] , Reif [31] and Krieger [32] have observed that a surface, which emulates the skin of a shark, reduces the drag ( Figure  1 ). The following studies highlighted the positive effects on fluid adhesion of passive components:
(1) positive effects of riblets have been assessed by Walsh [33] , Neumann [34] , Rohr [35] and Lang [36] ;
(2) surface roughness in turbo machines has been studied by Kind [37] , Hummel [38] , and Dalili [39] .
Walsh [40] [41] [42] [43] has been the pioneer of the studies on drag reduction by riblets surfaces. He investigated the different behavior of bladed, scalloped and sawtooth surfaces, demonstrating that bladed riblets are the most efficient whilst sawtooth which have obtained a reduction of drag up to 8%.
Bechert et al. [44] [45] have investigated more in depth different configurations of riblets and surfaces including rectangular, scalloped and shark-skin-shape riblets. They have conducted a deep experimental investigation on the methods for friction reduction effect using ribbed surfaces. Lee & Lee [46] have studied cross sectional vortexes above both flatplate and semi-circular riblet surfaces by mean of flow visualization techniques. They have documented how the vortexes behave in both drag decreasing and drag increasing conditions; in particular, the effect of the spacing between the riblets. They have made the following observations: the drag reduces if most stream wise vortices stay above the riblets so the flow above the riblet valley is sufficiently calm; the drag, instead, increases if the riblet spacing is long enough to allow most stream wise vortices to stay inside the riblet valley (highspeed flows can penetrate into the riblet valleys).
Hubner [47] [48] , who focused on the trailing edge scalloping effect (Figure 2 Sinha [49] [50] [51] has studied a variable shape deturbulator taken from a composite deformable surface, made of a flexible membrane mounted on support ridges (Figure 3 ).
Büttner [52] 's studies of the effect of drag reduction due to riblet structured surfaces were originally inspired by shark scales, which have a drag reducing riblet structure. This activity has analyzed different technological possibilities for an adequate manufacturing in turbomachinery even in extreme conditions of pressure and temperature. Numerical simulations of turbulent flow have become an important tool for studying the basic physics of turbulence. For predicting the drag reduction with a riblet surface, most researchers use the Direct Numerical Simulation (DNS) method [53] [54] [55] [56] .
Choi et al. [55] numerically simulated the instantaneous turbulent structures over V-shaped riblets with s+=20 and s+=40 using DNS calculation and obtained results aligned with the experimental ones: s + =20 produced 5-6% drag reduction s + =40 produced a drag increase. Although simulations by Reynolds-Averaged NavierStokes (RANS) models also have been completed by k-ε model and Reynolds Stress Model (RSM) model, these didn't give the expected results. Due to the difficulty in predicting correctly the drag variation when adopting isotropic models, like k-ε, one may choose other models to obtain the best results [56] . However, computational costs of DNS are high as it theoretically requires the mesh size to be smaller than the local Kolmogorov scale. In addition, a high Reynolds number leads to a smaller Kolmogorov scale in the flow and consequently, the grid amount may be beyond the capacity of computers, so the simulation is restricted to a low Reynolds number flow.
Research in the domain of biology and bioengineering has produced the definition of the sharkskin effect in terms of reduction of drag (Luchini [57] ; Dean [58] ; Bushan [59] ). This research activity has produced new swimsuits that allow minimizing the skin friction during swimming activity (Toussaint [60] ; Mollendorf [61] ).
Anderson [62] has discovered that sharkskin produces a propulsive effect, which has been verified through experiments with mobile deformable substrate (Lang, Knight [63] ).
METHODOLOGY
The proposed case differs slightly from existing literature. After a preliminary assessment of the parameters of CFD simulations, which have been reported in Appendix 1, the attention has been focused on 2D sawtooth profiles, which are schematized in Figure 4 . The following geometries have been considered: 1 x 6 mm, 2 x 6 mm, 3.5 x 6 mm, 2 x 12 mm, 2 x 6 R=1 mm (Table 1) . These profiles present a certain degree of novelty with respect to former literature both in terms of shape and in terms of expected results.
The proposed methodology will consider two types of fluid, which are water and air, in order to present an effective analysis. A schema of the adopted computational domain has been presented in Figure 5 . A more effective 3D analysis has been performed by using a cut-cell square mesh.
In both cases, CFD simulations have been produced by using both Spalart-Almaras [64] and SST k-ε [65] turbulence model. The cut-cell grid has been produced in the Ansys Fluent 17.1 and the boundary layer resolved appropriately as shown in figure 7 and 8. Grid independence check has been performed according to the ERCOFTAC [66] guidelines and as described in the following papers [67] [68] [69] . The optimum number of grid (numerically stable grid) has been determined through the numerical computation of the grid at different refinement levels. The final grid has allowed resolving the viscous sublayer until a y+ value less than 2 and has leaded to identifying the stability conditions. The key characteristics of 2D and 3D meshes have been reported in Appendix 1.
Second order upwind scheme has been used to produce a discrete model of momentum equation and of k and ω model. The pressure and velocity have been coupled through the PISO (Pressure-Implicit with Splitting of Operators) method [70] [71] . Pressure gradient term has been discretized by using the PRESTO (PREssure STaggering Option) method [72] [73] . The PRESTO scheme has been used because it improves the pressure interpolation in situations where large body forces or strong pressure variation are present, including surface, geometry and thermal effects. To test the stability, a preliminary unsteady simulation has been used. It has been discretized by using first order implicit method taking advantage of unconditionally stable with respect to time step size, which has been as taken Δt =1×10-03 s.
RESULTS OF 2D SIMULATIONS
Simulations have been run using both water and air as fluid, due to the potential use of the proposed solution for both ship hulls and aeronautic use. Fluid properties have been reported in Table 2 . It is evident that the preliminary 2D simulations produce a reduction of the wall shear stress between 5 and 30%.
The best solution is the scalloped case, as expected by literature analysis. The following analysis focuses on the triangular mesh profile, which has received a lower attention by current literature. 
RESULTS OF 3D SIMULATIONS
Mesh properties and general samples of the results of the 3D simulations have been reported in Appendix 1.
The 3D domain used has been considered as composed by two different channels: The first being a flat surface and the other having roughness, allowing a good understanding of the boundary layer phenomena in presence and absence of the sharkskin. Air has been assumed for 3D simulations. Samples of velocity vectors, pressures in the 3D 6x2 mm, wall shear stress and turbulence structure have been reported in Appendix 1 and show some of the results obtained. Figure 10 shows total drag of the three different profiles considered. Figure 11 shows the pressure component of the drag force, which appears in line with the expectations from 2D simulations. The high level of accuracy (10-9) on continuity has produced a good convergence of the results, which can be approximated by second order polynomials. Figure 12 shows the viscous components. An apparently absurd result is shown in Figure 12 . It seems due is due to the flow in configuration 6x2 presenting a negative viscous force. This can be explained by considering Figure 13 , which highlights the structure of the vortex formation.
FURTHER THEORETICAL DISCUSSION
The results allow further theoretical considerations that involve the drag model and viscosity. It is necessary to define an effective model that can be used to describe the components of drag. The results are in line with the observations by Lauder et al. [75] , Oeffner and Lauder [76] , Knight [77] and Wen et al. [78] [79] who have demonstrated the possibility of a propulsive effect by sharkskin if it fits some precise geometric parameters. The model is based on dimensionless parameters. The traditional expression of drag equation is:
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Drag can be expressed as the change in pressure times the wet area A w on which it is achieved.
In particular, by expressing C D it becomes: Re Re
The definition of Bejan number [80] has been extended to fluid-dynamic and convective problems by Mahmud [81, 82] and generalized by Avad [83] 
The traditional formulation of Bejan number clearly shows that flow, irreversibility arises because of the combination of heat transfer phenomena and viscous effects of the fluid. In particular, it is defined as the ratio between the entropy generation by heat transfer and the total entropy generation during the motion of a fluid. The formulation proposed has been used into the field of external internal channel but is expected to fit well also with problems of external flows. If this formulation fits a more accurate verification, it could be possible to affirm that fluid-dynamic losses clearly belong to the thermodynamic domain of second principle. Considering that aerodynamic or hydrodynamic resistance can be considered as the composition of viscous component caused by shear stress and a pressure component caused by the modification of the streamlines caused by the presence of a body or by the external envelope, it is possible to produce a more effective formulation of the drag coefficient. The formulation proposed by Dumas [84] and Trancossi [85, 86] defines the fluid stream as subject to a difference of pressure that equilibrates the centrifugal force, which applies because of the rotation 
in which c f is a friction coefficient. The above analysis of friction effects allows formulating a more detailed expression of equation (4) 2 2 Re
in which This preliminary hypothesis has allowed producing an effective analysis at macroscopic scale of the specific aerodynamic phenomena and determining in detail the gain produced by sharkskin in different configurations.
It can be possible to consider the general formulation of the Bejan number as defined by Sciubba [87] 
We can assume the system is isothermal by neglecting the friction phenomenon that generates a small temperature difference. Viscous friction will generate a certain amount of heat, which is equal to the work of viscous drag.
In addition, it has been possible to evaluate the results in terms of second law and coupling specific aerodynamic phenomena and determining in detail the entropy generation produced by sharkskin in different configurations. By considering the original definition of Bejan Number in terms of ratio between entropic sources [88] , it can be possible to produce an effective modelling of drag in terms of entropy generation. Drag is an entropic function and describes the entropy generation of a fluid with respect to boundaries or walls of an immerged body.
An accurate verification is required, but this hypothesis presents important margins of future development for modelling fluid dynamic problems in terms of second principle of thermodynamics. Entropy generation can then be evaluated by pressure ( Figure 14 ) and viscous forces ( Figure  15 ). The Drag coefficients have been evaluated (Figure 16 ). The results obtained are aligned with those determined numerically. Maximum error is 3%. Figure 16 . CD components
CONCLUSIONS
This paper presents the analysis of a case of sharkskin effect, which is caused by a turbulent flow over rough engineered surfaces. It presents the 2D simulations of some reference profiles, which has been used to tune the parameters of the following 3D simulations.
The preliminary results have evidenced the potential of a triangular profile with a 90° angle on top, which have been analysed considering different geometries and measures. They demonstrate clearly that sharkskin profiles can produce outstanding results in the reduction of wall shear stress. Results have been assessed against a flat plane with significant improvements up to 30%. These results are in line with the authors that claim the possibility of producing some positive thrust from the sharkskin effect. These results require a more accurate verification, which is currently being produced by both numerical and experimental activity.
The results have focused on the attempt of defining skin friction according to second law of thermodynamics, according to the preliminary formulation by Liversage [89] . Expressing the fluid dynamic phenomena in terms of Bejan number could be a possible research tool for the future. It has been possible to determine the entropy generation by both pressure and viscous drag components, by considering the definition of the Bejan number presented by Sciubba, These activities have an interesting potential for more effective analysis of fluid dynamic phenomena. 
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